Introduction
Voltage-gated sodium channels play a critical role in the generation of action potentials in excitable cells throughout the nervous system [1] . Many sodium channel isoforms have been identi®ed in the CNS [2] , but no mutations in these channels have yet been identi®ed as causing human diseases. In contrast, a number of mutations that cause periodic paralysis have been identi®ed in the skeletal muscle sodium channel [3] , and other mutations that cause long QT syndrome have been identi®ed in the cardiac sodium channel [4] . Most of these mutations affect either the kinetics or voltage-dependence of sodium channel inactivation [5, 6] .
In mice, several mutations have been identi®ed in one neuronal channel termed Scn8a, which is the most abundantly expressed isoform in the CNS during adulthood [7] . These mutations cause a variety of symptoms ranging from mild ataxia to dystonia, paralysis and juvenile death [8] . Two mutations that result in complete disruption of the Scn8a gene are med and med tg [9±11] . Another mutation, med jo , is a single point mutation of alanine to threonine in the S4±S5 linker of domain III of the channel [12] . This mutation produces an ataxic phenotype, which is associated with disruptions in spontaneous and repetitive ®ring of Purkinje cells [13±15] .
We previously analyzed the effects of the homologous alanine to threonine mutation in the S4±S5 linker of domain III in the rat IIA sodium channel.
The most pronounced effect of this mutation was a positive shift in the voltage dependence of activation [12] . However, med jo results from the alanine to threonine mutation in the mouse Scn8a channel, and there are signi®cant differences in the electrophysiological properties of that channel compared with the rat IIA channel [16] . To determine the effects of the mutation that causes med jo in the native channel, we constructed the alanine to threonine mutation in Scn8a and examined the functional properties by expression in Xenopus oocytes.
Materials and Methods
Construction of the med jo mutation in Scn8a: The Scn8a sodium channel coding region was cloned downstream from a T7 RNA polymerase promoter in the plasmid pLCT1 [16] . PCR mutagenesis was used to construct the alanine to threonine mutation at position 1327. Reaction 1A contained Scn8a (2 ng), LA Taq 103 buffer, dNTPs (200 ìM), MgCl 2 (4 mM), sense oligo upstream of SpeI (CGC-CTCCTACGGACGGAAGGAC, 1 ìM), antisense mutagenic oligo (CCACCAAGGTGTTCACCAC-CACCCTC, 1 ìM), and 0.5 ìl LA Taq DNA polymerase. Reaction 1B contained the antisense oligo downstream of BstEII (CCAGTAGAGAATGTT-CTCC, 20 ìM), sense mutagenic oligo (GGTGAA-CACCTTGGTGGGCGCCATCC, 20 ìM), and the other reagents listed previously. After the ®rst round of PCR ampli®cation (1 cycle of 958C for 4 min, 578C for 3 min, 728C for 6 min, followed by 30 cycles of 958C for 30 s, 578C for 1 min, 728C for 6 min, with a ®nal incubation at 728C for 3 min), the PCR products from reactions 1A (1901 bp) and 1B (720 bp) were puri®ed on a 1% agarose gel and combined to amplify a region containing the mutation between the oligos upstream of SpeI and downstream of BstEII (three cycles of 958C for 4 min, 508C for 3 min, 728C for 6 min, followed by 30 cycles of 958C for 30 s, 448C for 1 min, 728C for 6 min, with a ®nal incubation at 728C for 3 min). To construct the full-length coding region containing the mutation, the PCR product from reaction 2 was digested with SpeI and BstEII, puri®ed on a 1% agarose gel, and ligated back into the full-length Scn8a plasmid.
Expression and electrophysiology: RNA transcripts were synthesized from NotI linearized DNA templates using a T7 RNA polymerase Message Machine transcription kit (Ambion, Austin, TX). The yield of RNA was estimated by glyoxal gel analysis. Stage V oocytes were removed from adult female Xenopus laevis, prepared as described previously [17] and incubated in ND96 media, which consists of (in mM) 96 NaCl, 2 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 5 HEPES, pH 7.5, supplemented with 0.1 mg/ml gentamicin, 0.55 mg/ml pyruvate and 0.5 mM theophylline. The RNA was diluted 1:2000 and injected at 100 pg/oocyte to obtain currents in the range 2± 5 ìA. The oocytes were incubated for 24±48 h at 208C in ND96.
Sodium currents were recorded using the cut-open oocyte technique with the CA-1 high performance oocyte voltage clamp (Dagan Corp., Minneapolis, MN) and Digidata 1200A interface (Axon Instruments, Foster City, CA) and pCLAMP 6.0.3 software (Axon Instruments, Foster City, CA) as described previously [18] . Temperature was maintained at 208C using an HCC-100A temperature controller (Dagan Corp., Minneapolis, MN). The intracellular solution consisted of (in mM) 88 K 2 SO 4 , 10 EGTA, 10 HEPES, 10 Na 2 SO 4 , pH 7.5, and the extracellular solution consisted of (in mM) 120 sodium MES, 10 HEPES, and 1.8 Ca-MES, pH 7.4. Capacitive transients and leak currents were corrected by P/4 subtraction. Sodium current amplitudes were between 1 and 5 ìA.
For analysis of recovery from inactivation, a twoelectrode voltage clamp was used at room temperature as described previously [17] . Although this voltage-clamp does not provide the fast time resolution of the cut-open oocyte clamp, it was used for two reasons. First, the oocytes are more stable over long periods of time, which was essential for analyzing recovery from inactivation. Second, it was possible to subtract comparable records obtained in the presence of 400 nM TTX to eliminate capacitive and leak currents. The bath solution consisted of ND96.
Data analysis: Analysis was performed using pCLAMP 6.0.3 software (Axon Instruments, Foster City, CA), Excel 7.0 (Microsoft, Redmond, WA) and Sigmaplot 4.0 (Jandel, San Rafael, CA). Inactivation time constants were determined using the Chebyshev method to ®t current traces with a double exponential equation:
where I is the current, A fast and A slow represent the percentage of channels inactivating with time constants ô fast and ô slow , K is the time shift, and C is the steady-state asymptote. The time shift was manually selected by ®tting the traces at the time when the currents were just starting to exponentially decrease. Recovery data were ®t using a single exponential equation of the form I 1À[A 3 exp(Àt/ô), where A is the proportion of current recovering with time constants ô, and t is the recovery interval.
Conductance values were calculated using the formula G I/(VÀV r ), where G is conductance, I is current amplitude, V is the depolarized membrane potential, and V r is the reversal potential. Reversal potentials were individually estimated for each data set by ®tting the I±V data with an equation that includes terms for both the voltage dependence of conductance and the driving force: I [1 exp (À0.03937 3 z 3 (VÀV 1a2 ))] À1 3 g 3 (VÀV r ), where z is the apparent gating charge, g is a factor related to the number of channels contributing to the macroscopic current, V is the potential of the pulse, and V 1a2 is the half-maximal voltage. Conductance values were ®t with a two-state Boltzmann equation, G 1/(1 exp[À0.03937 3 z 3 (VÀV 1a2 )]), with z equal to the apparent gating charge, V equal to the pulse potential, and V 1a2 equal to the voltage required for half-maximal activation. The voltage dependence of inactivation data were ®t with a twostate Boltzmann equation, I 1/(1 exp[(VÀV 1a2 )/ a h ]), with I equal to the current amplitude measured during the test depolarization, V equal to the inactivating depolarization potential, a h equal to the slope factor and V 1a2 equal to the voltage depolarization required for half-maximal inactivation.
Results
Analysis of the Scn8a sodium channel containing the med jo mutation: A missense mutation of an alanine to threonine residue in III S4±S5 in the Scn8a sodium channel has been identi®ed previously ( Fig. 1) as resulting in the med jo phenotype [12] . To determine the electrophysiological effects of this mutation in the Scn8a channel, the alanine to threonine substitution was introduced by sitedirected mutagenesis into a functional mouse Scn8a sodium channel clone that we constructed previously [16] . The alanine at position 1327 of the Scn8a clone used in this study corresponds to the alanine at position 1071 of the sequence originally published for Scn8a [10] , because the originally published sequence contained a short cytoplasmic linker consisting of only 87 amino acids between domains I and II. The cDNA clone that we utilized contains 333 amino acids, which is comparable in length to that previously obtained for the orthologous Na6 channel from rat [7, 19] , and is identical to the sequence later determined by Plummer et al. [20] for the Scn8a channel. RNA containing the mutation was generated by in vitro transcription and co-expressed with the â 1 and â 2 subunits in Xenopus oocytes.
Inactivation kinetics are not altered by the alanine to threonine mutation: Since many of the sodium channel mutations that cause periodic paralysis and long QT syndrome affect the kinetics of inactivation, it seemed likely that the alanine to threonine mutation might also affect this aspect of sodium channel function. To evaluate this possibility, macroscopic sodium currents were recorded using the cut-open oocyte voltage clamp. This clamp has a faster time resolution than the two-electrode voltage clamp, and therefore it is a more sensitive system to detect differences in kinetics. Inactivation time constants were determined by ®tting current traces to a double exponential equation, and the magnitudes of the fast (open symbols) and slow (closed symbols) time constants are shown in Fig. 2A . At depolarizations more negative or equal to 0 mV, there were no signi®cant differences in the magnitudes of either the fast or slow time constants of the mutant channel (squares) compared with the wild-type channel (circles). At potentials more positive than 0 mV, the mutant channel showed a minor increase in the fast component and a small decrease in the slow component of inactivation compared with the wild-type channel. There were no signi®cant differences between the wild-type and mutant channels in the percentage of current inactivating with each component, with $89% of the current inactivating with the fast component and 11% inactivating with the slow component.
Although there were no substantial effects of the mutations on the kinetics of entry into the inactivated state, it was possible that the mutation altered recovery from inactivation. Therefore, recovery of both the wild-type (circles) and mutant (squares) channels were examined at a potential of À100 mV using a two-electrode voltage clamp (Fig. 2B) . The smooth curves represent ®ts of the data to a single exponential equation, as described in Materials and Methods. The mutant channel recovered from inactivation slightly faster than the wild-type channel, with a time constant for recovery of ô 2.59 AE 0.03 ms for the mutant compared with ô 3.8 AE 1.0 for the wild-type channel. These results demonstrate that the alanine to threonine substitution slightly accelerates the kinetics of sodium channel recovery from inactivation.
Voltage-dependence of activation and inactivation is shifted in the depolarizing direction by the alanine to threonine mutation: Since the alanine to threonine mutation did not have a dramatic effect on the kinetics of inactivation, it seemed probable that the mutation would affect other aspects of sodium channel function, such as the voltage dependence of either activation or inactivation. To determine the voltage dependence of activation, currents were recorded using the cut-open oocyte voltage clamp during depolarizations ranging from À90 mV to 50 mV. The peak current was converted to conductance and the relationship between normalized conductance and voltage was ®t with a two-state Boltzmann distribution (Fig. 3A) . The V 1a2 for activation of the wild-type channel was À17 AE 4 mV (circles). The mutant channel demonstrated a 10 mV shift in positive direction, with a V 1a2 of À7 AE 3 mV (squares). There was no signi®cant difference in the slope of the conductance curves, with z 4.7 AE 0.5 for the mutant channels compared with 4.2 AE 0.8 for the wild-type channel. This shift in the voltage dependence of activation would result in a signi®-cant decrease in the percentage of mutant channels that open in response to a given depolarization compared to the wild-type channels. Since activation and inactivation are coupled in the voltage-gated sodium channel, it seemed likely that the alanine to threonine mutation would also affect the voltage dependence of inactivation. This property was examined with a 500 ms prepulse to potentials ranging from À90 mV to 5 mV using a two-electrode voltage clamp (Fig. 3B) . In this case, the mutation resulted in only a 4 mV shift in V 1a2 in the positive direction, with V 1a2 À47 AE 3 mV for the mutant channel compared with À51 AE 1 mV for the wild-type channel. There was a signi®cant increase in the slope factor for the mutant channel, with a h 6.3 AE 0.3 for the mutant compared with a h 4.9 AE 0.2 for the wild-type channel. These results indicate that the voltage dependence of both activation and inactivation were shifted by the alanine to threonine mutation in the S4±S5 region of domain III.
Discussion
The electrophysiological properties of Scn8a sodium channels containing the alanine to threonine mutation that causes the ataxia of med jo mice were characterized in Xenopus oocytes. The med jo muta- tion caused a 10 mV positive shift in the voltage dependence of activation compared with the wildtype channel. There were no signi®cant effects on the kinetics of inactivation for the mutant channel compared with the wild-type channel, and only a slight acceleration of recovery from inactivation. These electrophysiological properties observed for the Scn8a channel containing the med jo mutation are consistent with those observed for the Rat IIA channel containing the med jo mutation. The 10 mV shift in the voltage-dependence of activation for channels containing the alanine to threonine mutation [12] could account for the phenotype of cerebellar ataxia observed in med jo mice. A shift in the voltage-dependence of activation would increase the threshold for activation of sodium channels, leading to hyperexcitable cells. In the cerebellum, Purkinje cells expressing the med jo mutant sodium channels would have decreased excitability, consistent with observations made by Raman et al. [15] . A reduction in Purkinje cell excitability would cause a loss of major electrical output from the cerebellum and lead to loss of control of rapid movements and poor correlation between posture and movement.
The lack of a signi®cant effect of the alanine to threonine mutation in III S4±S5 on the kinetics of inactivation is somewhat surprising. The S4±S5 linker has been predicted to form part of the docking site for the fast inactivation particle in potassium [21] and sodium [22±25] channels. In addition, the speci®c alanine residue that is altered in med jo has been shown to be critical for fast inactivation [22] . However, the effect on inactivation of residues at this position is dependent on the hydrophobicity of the speci®c amino acid [22] , and alanine and threonine have comparable hydrophobicity. Therefore, the threonine substitution can apparently function as well as the original alanine residue for fast inactivation.
The fact that there was no signi®cant effect on the kinetics of inactivation differs from the results with most of the previously identi®ed mutations in the skeletal muscle sodium channel that cause periodic paralysis, in that many of those mutations decrease the kinetics of inactivation [5] . Consistent with this difference, the periodic paralyses are dominantly inherited disorders, while the ataxia in med jo mice is a recessively inherited trait. This difference can be explained by the predicted effects of the various mutant channels on the activity of the channels. In periodic paralysis, incomplete inactivation of the mutant channels results in a continued inward current that is predicted to increase the resting membrane potential of the cell. In heterozygous cells, the increased resting potential inactivates the wild-type channels, preventing channel opening in response to subsequent signals. In contrast, channels containing the alanine to threonine mutation have a positive shift in the voltage dependence of activation, which would not prevent the normal activation of wild-type channels in the same cells. The normal input to the Purkinje cell would be adequate to open the wildtype channels, which would further depolarize the cell and activate the mutant channels, so that there would be no defect in the ability of the Purkinje cell to initiate an action potential. In med jo homozygotes, all of the channels would have a positive shift in the V 1a2 for activation, so that a larger input from the mossy ®ber/granule cell system would be necessary to elicit an action potential. Therefore, the Purkinje cells would show decreased excitability, resulting in reduced output and cerebellar ataxia.
Conclusion
Mutation of an alanine to threonine at position 1327 in the S4±S5 linker of domain III of the Scn8a sodium channel results in a 10 mV positive shift in the voltage-dependence of activation, without any signi®cant effect on the kinetics of inactivation and only a slight acceleration of recovery from inactivation. The shift in the probability of channel opening is most likely the cause of cerebellar ataxia in med jo mice.
